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ABSTRACT 
Early life of oceanic squids is poorly known due to the difficulties in locating their pelagic egg masses in the 
wild or obtaining them under laboratory conditions. Recent in vitro fertilization techniques were used in this 
study to provide first comparative data of the early stages of the most important ommastrephid squid species 
from the Mediterranean Sea: Illex coindetii, Todaropsis eblanae and Todarodes sagittatus. Eggs, embryos 
and newly hatched paralarvae were described through development highlighting sizes and morphological 
differences between species. Duration of embryonic development in I. coindetii and T. eblanae was strictly 
correlated with temperature and egg size. Embryos of T. sagittatus were unable to reach hatchling stage and 
died during organogenesis. With the aim to distinguish rhynchoutheuthion larvae of I. coindetii and T. eblanae, 
particular attention was given to a few types of characters useful for species identification. The general 
structure of arm and proboscis suckers was described based on the presence of knobs on the chitinous ring. 
Chromatophore patterns on mantle and head were given for hatchlings of both species and showed some 
individual variation. A peculiar skin sculpture was observed under a binocular microscope on the external 
mantle surface of T. eblanae. SEM analysis revealed the presence of a network of hexagonal cells covered by 
dermal structures which may have a high taxonomic value. Few days old paralarvae had developed buccal 
masses and sensory organs on the epithelium, giving evidences for a presumed ability to feed actively. 
Comparisons between wild rhynchouteuthions collected from NW Mediterranean and freshly individuals 
artificially reared in the laboratory allowed identifying most specimens as I. coindetii on the basis of 
morphological features here described. The present study shows how in vitro fertilization techniques are 
highly effective in the study of the early life of oceanic squids.
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INTRODUCTION 
Morphological studies on the eggs, embryos and hatchling paralarvae of the most abundant and commercially 
important squid species inhabiting the open ocean (Oegopsida: Ommastrephidae) have been for a long time 
severely limited. Main reasons were either the very low chance of localizing their pelagic spawned egg 
masses in the wild (see Naef, 1928; Laptikhovsky and Murzov, 1990; O'Shea et al., 2004; Staaf et al., 2008; 
Roberts et al., 2011 among others) or the difficulties in obtaining them under laboratory conditions (Hamabe, 
1961; Boletzky et al., 1973; O'Dor et al., 1977; Bower and Sakurai, 1996). In recent years, the development of 
in vitro techniques (Arnold and O' Dor, 1990; Ikeda and Shimazaki, 1995; Sakurai et al., 1995) have 
considerably increased and facilitated the study of the early ontogenetic processes of oegopsid squids, rightly 
considered one of the lesser known aspects of cephalopod biology (Clarke, 1966). Artificial fertilizations have 
allowed to observe and describe in details developing embryos and hatchling paralarvae of the three most 
important ommastrephid species in catches and landings worldwide: Illex argentinus in the Southwestern 
Atlantic (Sakai and Brunetti, 1997; Sakai et al., 1998; 2004; 2011), Todarodes pacificus in the Northwestern 
Pacific (Ikeda et al., 1993; Sakurai et al., 1996; Ikeda and Sakurai, 2004) and Dosidicus gigas in the 
Southeastern Pacific (Yatsu et al., 1999). Although cephalopod aquaculture is still very limited, with last 
reported production data amounting to 30 tons per year versus more than 4 million tons obtained by fishing 
(FAO, 2010), it is reasonable to expect that these new techniques will constitute a prerequisite to develop 
oceanic squid cultures in a near future. Moreover, since paralarval stages are by far the most critical step in 
laboratory rearing any cephalopod species (Hanley et al., 1998; Vidal et al., 2002; Villanueva and Norman, 
2008), our understanding of their morphology, taxonomy and behavior would help significantly to overcome 
this challenge. At present, intensive efforts are mainly devoted to the culture of neritic species (e.g. Octopus 
vulgaris, Sepia officinalis), rather accessible to study, and have shown promising advances (Iglesias et al., 
2007). 
Hatchling paralarvae of the family Ommastrephidae are planktonic in habit and, unique among oegopsids, 
pass through a post-hatching stage in which the two tentacles are fused together into an evident trunk-like 
proboscis, the use and development of which is not well understood (Shea, 2005). These paralarvae are 
called “rhynchoteuthion” and are characteristic members of oceanic plankton with size at hatching not 
exceeding 2-3 mm in total length. The rhynchoteuthion stage ends with the separation of the tentacles after 
few days or weeks of planktonic life and at hatchling sizes usually between 6 and 10 mm in mantle length 
(Roper and Lu, 1979). Despite this peculiar feature, a correct identification of wild ommastrephid paralarvae 
collected from zooplankton samples has proven to be very difficult due to the scarcity of highly specific 
morphological characteristics useful to separate individuals to species level at rhynchouteuthion stage (Nesis, 
1979; Wormuth et al., 1992).  
In contrast to the world most commercially exploited squid species abovementioned, very few data are 
available on the early life stages of the ommastrephids representing the bulk of squid fisheries within the 
European market. Illex coindetii (Verany, 1839), Todaropsis eblanae (Ball, 1841) and Todarodes sagittatus
(Lamarck, 1799), distributed in the North and Eastern Atlantic and the Mediterranean Sea, are captured 
throughout the year as by-catch, mostly from bottom and pelagic trawls, and commonly landed in Europe 
(Pierce et al., 2010). All three species  inhabit shelf and upper slope and spawn year round with seasonal 
peaks depending on the geographic area (Mangold-Wirz, 1963). Although remarkable differences in 
3 
morphology and habitat allow to recognize juvenile and adult forms (Jereb and Roper, 2010), with individuals 
of T. sagittatus reaching longer sizes and generally found at higher depths than I. coindetii and T. eblanae in 
the Mediterranean, to date no morphological identification is possible between these species at larval stages. 
Partial descriptions of embryos and hatchlings exist, however, only for I. coindetii (Naef, 1928; Boletzky et al., 
1973), while embryos and paralarvae of T. eblanae and T. sagittatus have never been examined. Villanueva 
et al. (2011) recently performed the first successful in vitro fertilization of I. coindetii, showing how different 
abiotic factors as temperature and density can affect embryos during development and paralarval size at 
hatching. Based on the latest results obtained with I. coindetii and other artificially reared oegopsid species 
from published literature, laboratory procedures were refined and a laboratory guide was presented in order to 
standardize and improve the experience gained so far in the study of oceanic squids through in vitro
fertilization (Villanueva et al., 2012). 
Such accumulated knowledge is now being applied in the present study to provide first comparative data on 
the general morphology of eggs, embryos and hatchling paralarvae of T. eblanae and I. coindetii from 
Western Mediterranean reared through artificial techniques. Eggs and developing embryos of T. sagittatus
from the same area are also partially described. Particular attention is given to chromatophore patterns of 
mantle and head of hatchlings as well as other important taxonomic characters (e.g. arm and proboscis 
suckers) commonly used in morphological descriptions of ommastrephid paralarvae (e.g. Harman and Young, 
1985; Young and Hirota, 1990; Ramos-Castillejos et al., 2010). Finally some observations on wild 
rhynchouteuthions collected from the Mediterranean Sea are reported. The main purposes of this study are to 
describe and compare morphologically the eggs, embryos and newly hatched individuals of I. coindetii and T. 
eblanae and try to establish taxonomic characters that may be useful to discriminate between their 
rhynchouteuthion larva. 
MATERIALS AND METHODS  
Squid samples and collection of gametes 
Squid sample collections were conducted over a three-year period (2010-2012), within the CALOCEAN 
project (http://calocean.icm.csic.es/). Freshly mature individuals of I. coindetii, T. eblanae and T. sagittatus 
were collected in the fishing ports of Barcelona and Vilanova i la Geltrú (distanced 50 km) from the 
commercial fishery bottom trawlers of these areas. Squids were caught in the waters off Barcelona (NW 
Mediterranean), at depths ranging 120 to 450 m (I. coindetii and T. eblanae) and up to 600-700 m (T. 
sagittatus). Recently caught individuals were therefore selected at the time of vessel arrival at the fishing port, 
generally occurring between 15.00 h and 17.00 h. Since freshness of squids resulted to be of crucial 
importance to preserve high-quality gametes and assure high fertilization rates, squids were selected from the 
latest trawl of the day, carefully placed over crushed ice and transported to the laboratory by portable fridges. 
Spermatozoa were collected either from spermatophores stored in the Needham’s sac or from spermatangia 
(discharged spermatophores) attached near the gills of mated females (Fig. 1A, 1B). In T. sagittatus, 
spermatangia were found attached to the buccal membrane encircling the mouth, according to a different 
mating strategy. Oocytes were collected from paired oviducts of mature females (Fig. 1C) showing diagnostic 
features corresponding to the maturity stage VI described by Brunetti et al. (1999) for Illex argentinus. 
Fertilizations in the laboratory were usually performed no longer than 4-5 hours after squid capture at sea. 
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Laboratory equipment 
Previous work was routinely performed at the ICM laboratories before starting fertilizations. Cleanliness and 
semi-sterile conditions were assured as much as possible in order to minimize risks of microbial infections 
during experiments. Dissecting tools (forceps, needles and scissors) were cleaned with 96% ethanol and 
stored in a plastic box prior to use. Latex gloves, sterile polystyrene Petri dishes 60 mm in diameter and 3 ml 
sterile polyethylene Pasteur pipettes were used. In all experiments natural seawater was obtained from the 
open seawater system of the ICM, equipped with a 20 μm sand filter. To minimize presence of microbes and 
possible particle debris, 20 μm freshly seawater was always filtered by passing through a 0.2 μm sterile 
membrane filter (Whatman filters, 47 mm Ø) and stored in glass bottles at 4 ºC in darkness prior to use. All 
bottles were previously sterilized by autoclave treatment (20 min at 121 ºC). According to Staaf et al. (2008), 
0.2 μm filtered seawater (FSW) was always merged with antibiotics (AB), 25 mg l-1 each ampicillin and 
streptomycin, usually 30 min prior to use. Antibiotic additions did not affect FSW pH value, which remained 
constantly ranging between 8.0 and 8.1 (pH was measured with Crison pH-Meter Basic 20+). Room 
temperature was always recorded during the fertilization process and generally ranged from 20 to 25 °C.
In vitro fertilization protocol
Artificial fertilization techniques used in the current study were based on the protocol proposed by Sakurai et 
al. (1995), lately refined and standardize by Villanueva et al. (2012). Fertilization procedures started by 
collecting spermatozoa from groups of 3-4 bulbs of spermatangia dissected from mature females. Additionally, 
male spermatophores (included vas deferens) were also used if available to ensure a sufficient amount of 
sperm. Collected bulbs were flushed under powerful and continuous jets of 20 µm freshly seawater at natural 
sea temperature for a couple of minutes to remove organic debris from the surface. Once cleaned, 
spermatangia were placed in a Petri dish and finely shredded (< 2 mm length) using scissors until a milky 
mush was obtained. The chopped sperm mass was then transferred into 20 ml glass containers. To activate 
Fig. 1. Ventral view of mature female of I. coindetii. (A) Dissected individual in the laboratory. (B) (C) Female 
reproductive organs at the maturity stage VI (according to Brunetti et al., 1999). Note the bulbs of spermatangia 
attached at the base of the gills. The nidamental glands have been displaced laterally (A, B) or removed (C) to 
facilitate the observation of other organs. g, gill; ng, nidamental gland; od, oviduct; og, oviducal gland; ov, ovary; sp, 
spermatangia bundle.
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spermatozoa (approx. 20 min in seawater), each container was filled with 10 ml FSW+AB and gently swirled 
to produce a milky suspension. Sperm motility was always checked under a dissecting microscope at 200-
400x magnification. As motility was confirmed, sperm solution was filtered in new glass containers using a 
nylon mesh (100 µm pore size) to remove spermatangia sac debris. A small drop of oocytes (100 to 300 
aprox.) was placed into a Petri dish by gently squeezing the proximal part of dissected oviducts, thus allowing 
ripe eggs to flow out. Depending on number and size of mature individuals collected in the field, 20 to 40 
dishes were filled with oocytes, usually 4 to 10 dishes for each oviduct. In T.eblanae and T. sagittatus
fertilizations, only one mature female was used to collect oocytes. Before adding sperm solution, oocytes 
were not exposed to seawater 8 to 12 min without altering their capacity to be fertilized. Once it was added 
onto the oocyte mass by pipette (approx. 1 ml), gametes were gently homogenized with its tip to facilitate their 
combination. Gamete contact lasted 20 to 40 min, then oviducal jelly water was added to half fill each dish (12 
ml approx.) and promote egg chorion expansion, as demonstrated to be essential for a proper development of 
embryos (Ikeda et al., 1993). Oviducal jelly was prepared in advance from oviducal glands isolated from 
mature individuals of I.coindetii and kept deep frozen at -80 ºC in 20 ml glass containers until being freeze-
dried during 24h (Telstar LyoAlfa6 freeze-dryer) and finally mixed with a portable blender to an absolutely dry 
powder. Half hour prior to use, oviducal gland powder was weighed and mixed with FSW+AB (1 gl-1) and 
filtered with a 100 µm mesh to minimize its viscosity. Oviducal jelly from I. coindetii glands was added either to 
T. eblanae and T. sagittatus oocytes, since chorion expansion was always observed in fertilized eggs when 
oviducal glands from other ommastrephid species were used (Sakurai et al., 1995). After jelly addition, all 
dishes were transferred to plastic boxes and stored in an incubator (Memmert MMICP 500) at set temperature 
(13 ºC to 21 ºC). Two to three supplementary jelly additions were given to embryos in the course of 
development, as demonstrated to increase chorionic expansion (Villanueva et al., 2011). 
Fertilization success was evaluated 4 to 12 hr after fertilization time (i.e. gamete contact) by examining eggs 
under a binocular microscope at 80x magnifications. Fertilized eggs were recognizable after 3-4 hr by the 
initial chorion expansion (a perivitelline space was visible at the animal and vegetal poles) or by the 
subsequent cleavages leading the formation of the blastoderm at the animal pole after 12 hr. Fertilized eggs 
were then transferred to new sterile Petri dishes (≤ 5 egg ml-1) by pipette and new FSW+AB was added. To 
reduce infection in the medium during development, FSW+AB was daily changed and dead or deformed 
embryos were removed as well.        
Observation of embryonic development and determination of hatchling stage
Observations were made under a stereomicroscope of embryos and rhyncouteuthion larvae obtained from in 
vitro fertilizations carried out from June to November 2010 (I. coindetii) and in July 2011 (T.eblanae). Embryos 
of T. sagittatus were partially reared during May 2012. Developmental stages were here identified from 
fertilized eggs incubated at 13 ºC and 17 ºC using the illustrated guides of embryonic stages presented by 
Watanabe et al. (1996) and Sakai et al. (1998) for the ommastrephid squid Todarodes pacificus and Illex 
argentinus, respectively. In both studies, the embryonic development of each species is described from Stage 
0 (unfertilized mature oocyte) to hatchling stage (Stage 30) on the basis of the morphological features 
proposed by Arnold (1965) for the loliginid squid Loligo pealii. In the current study, hatchling stage was 
determined when individuals showed three main characteristics, as those described by Sakai et al. (1998) for 
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hatchlings of Illex argentinus at stage 30: 1) ink sac clearly visible and filled with ink; 2) functional and well 
developed fins, with fin width nearly equaling head width; 3) extensible and well developed proboscis (i.e. 
tentacles fused together), with suckers visible at its end. Embryos were daily photographed and filmed at high 
magnification (mostly 63x to 100x) with a camera mounted on a Leica MZ12 binocular microscope. To avoid 
possible heating shocks to embryos and hatchlings under microscope light, Petri dishes were placed on a 
translucent plastic holder over a thin layer of crushed ice. Hatchling individuals were usually anesthetized 
before being sacrificed for analysis by adding 3 to 5 drops of 96% ethanol in the dish, according to ethical and 
welfare laboratory protocols when working with live cephalopods (Moltschaniwskyj et al., 2007). Anesthetized 
samples were therefore selected for SEM analysis (see below). Since no food was provided to hatchlings, 
individuals were observed up to a week after hatchling stage, when yolk reserves were almost consumed.  
Comparative analysis 
Measurements and morphology. All images and videos were processed using Image-Pro Plus 5.0 analyzer 
software. Mature oocyte and embryo lengths (i.e. chorion expansion) were obtained by measuring the 
vegetal-animal axis. Images of hatchling paralarvae (unanesthetized) were selected to obtain mantle lengths 
(ML) only when mantle borders were clearly distinguishable. Due to a ventral side up position commonly 
adopted while resting in the Petri dish, just a few individuals were measured along the dorsal side. Thus, most 
ML measuraments correspond to the ventral mantle length that, in these larvae, slightly differs from the dorsal 
mantle length (Fig. 2). Mean value and standard deviation (SD) were calculated for all samples. For 
comparison between species, morphological features were described at specific embryonic stages, 
highlighting important embryological terms: unfertilized egg (Stage 0), early and late organogenesis (Stage 
15-24), premature hatchling (Stage 25-28) and hatchling stage (Stage 30).
Chromatophore patterns. Number and arrangement of chromatophores was observed on ventral and dorsal 
surface of mantle and head of hatchlings of I. coindetii and T. eblanae. The most frequent pattern of 
distribution was reported for both species. Terminology used for chromatophore fields was here defined 
according to Young and Hirota (1990) and Ramos-Castillejos et al. (2010) (Fig. 2). 
Fig. 2. Mantle shape and schematic chromatophore pattern of I. coindetii illustrating terminology used in the 
text. (A) ventral view, (B) dorsal view. General rhynchouteuthion shape adapted from Young and Hirota, 1990.
A B
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Scanning electron microscopy (SEM). Hatchling individuals of I. coindetii and T. eblanae selected for SEM 
analysis were previously anesthetized with 2-5% ethanol to follow ethical guides to handle cephalopods in 
laboratory and prevent body contraction of the samples due to the fixative bath given at the beginning of the 
fixation protocol. Samples were then fixed in 2.5% glutaraldehyde in seawater during 3 h, washed in seawater 
before being dehydrated in an increasing concentration of ethanol (20, 30 and 50%) and stored in ethanol 
70% at 4 °C. At the beginning of the SEM preparation, the samples were again dehydrated in an increasing 
concentration of ethanol (80, 90, and 95%) until absolute ethanol. Each ethanol bath lasted 10 min. After the 
complete dehydration in the ethanol series, the samples were dried for the critical point that was carried out in 
a Bal-Tec CPD 030 Drier, using CO2 as the transition liquid. After the drying stage, samples were mounted on 
stubs provided with double sided conductive sticky tape in order to orientate them in the preferred position. 
The samples mounted were sputter coated with gold–palladium in a Polaron Sputter Coater SC500. Finally, 
the samples were observed by scanning electron microscope Hitachi S3500N with working voltages of 5 Kv. A 
series of detailed images of hatchling paralarvae of I. coindetii and T. eblanae was illustrated and diagnostic 
features of head, mantle skin, arm and proboscis suckers were described and compared (see Results).
Observations of wild rhynchouteuthion paralarvae 
Ommastrephid paralarvae from Western Mediterranean were collected through zooplankton tows during 4 
oceanographic cruises conducted in the summers of 2003 and 2004 under the CACO research (A. Sabatés, 
ICM, CSIC). Zooplankton samples were fixed in 5% formaldehyde buffered with sodium tetraborate. In the 
laboratory, rhynchoteuthion larvae were distinguished by the presence of the proboscis and sorted from the 
preserved samples for morphometric and SEM analysis. Selected images were here illustrated in an attempt 
to discriminate wild ommastrephid paralarvae from the Mediterranean Sea to species level (i.e. I. coindetii and 
T. eblanae) by identifying diagnostic features which may correspond to those observed in the paralarvae
artificially reared in this study.
RESULTS  
Description of embryonic development 
Oocytes. Mature oocytes collected from oviducts measured 1.05 ± 0.03 mm (n = 21) in I. coindetii (Fig. 3A), 
1.40 ± 0.05 mm (n = 76) in T. eblanae (Fig. 3B) and 1.05 ± 0.02 mm (n = 108) in T. sagittatus (Fig. 3C). 
Unfertilized eggs were generally ovoid, although this shape was less pronounced in T. sagittatus. As in all 
cephalopod eggs, a dense yolk was visible throughout most of cell (telolecithal), which presented a marked 
asymmetry along the vegetal-animal axis, with the cytoplasm (including the nucleus) confined to the animal 
pole. The micropyle (pore in the chorionic membrane through which spermatozoon can enter and fertilized the 
egg) was clearly visible at the animal pole in mature oocytes of all three species. Three to four hours after 
fertilization, egg shapes slightly changed from oval to spherical and a first chorionic expansion was observed. 
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Organogenesis. Four days after fertilization (ca. 96 hr at 17 ºC), a second expansion of the chorion occurred 
at or immediately before the onset of the organogenesis (Stage 15-16), when embryos expanded vertically. At 
this point, egg length (i.e chorion expansion) was 1.13 ± 0.06 mm (n = 15) and 1.93 ± 0.17 mm (n = 28) in I. 
coindetii and T. eblanae, respectively. In T. sagittatus, egg length attained 1.19 ± 0.03 mm (n = 14), but 
embryos were not The earliest organogenetic events were the appearance of thickenings in the blastoderm 
representing the rudiments of the exterior major organs which formed individual extensions clearly visible in 
the dorsal and ventral side of the embryos. The firsts to become distinct provided the funnel tube paired ridges 
arising from the ventral side and primordia of the eyes and arms appearing as disk-like elevations (Fig. 4A, 
4E). From Stage 20 onward, the organogenesis continued with the growth of both mantle margins and mantle 
cavity towards the funnel rudiments and eye stalks increased in elevation. During this phase, embryos 
commonly rotated round their longitudal axis within the chorion, presumably due to the ciliary action of the 
integument. Six days after incubation (ca. 140 hr at 17 ºC), four to six rows of chromatophores appeared on 
the mantle of I. coindetii and T.eblanae, with chromatophores becoming larger and more distinct. Arms I and II 
were also clearly recognizable (Fig. 4B, 4F). In the outer yolk sac of the cephalic region, a group of 
chromatophore-like structures appeared on both ventral and dorsal view of I. coindetii but was absent in T. 
eblanae. This latter was characterized by a yellowish colour in the anterior part of the outer yolk sac (formerly 
vegetal pole of the egg), also visible since the first developmental stages at the vegetal pole of both T. 
eblanae and T. sagittatus eggs. The mantle occasionally contracted and extended over one-half of the total 
embryo length and covered the posterior margin of the funnel, with primordia of fins visible on its apex. The 
outer yolk sac gradually reduced its size as yolk was transferred from the cephalic region to mantle cavity 
(inner yolk sac). Premature hatching commonly began to occur at this time in most embryos (Stage 25-28), 
presumably due to the artificial incubation conditions. Right before hatching (ca. 160 hr at 17 ºC), egg lengths 
of I. coindetii ranged from 1.40 ± 0.06 mm (n = 17) to 1.88 ± 0.17 mm (n = 15) when one to three jelly 
additions after fertilization were used, respectively. A maximum of 2.33 ± 0.22 mm (n = 4) and 2.01 ± 0.07 mm 
(n = 3) in length was observed before hatching in eggs of T. sagittatus (161 hr at 17 ºC) and T. eblanae (186 
hr at 17 ºC), respectively, with the former receiving a second jelly dose at 90 hr, the latter at 118 hr.  
Premature hatching.  All embryos of I. coindetii, T. eblanae and very few ones of T. sagittatus hatched rather 
below the Stage 30 described by Sakai et al. (1998) for hatchlings of I. argentinus. Newly hatched paralarvae 
showed underdeveloped fins and tentacles not completely fused into a proboscis (Fig. 4C, 4G). The ink sac 
Fig. 3. Mature oocytes of (A) I. coindetii, (B) T. eblanae and (C) T. sagittatus. ch, chorion; mp, micropyle; yo, yolk. 
Scale bar = 0.5 mm.
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was not visible in T. sagittatus and faintly visible in I. coindetii and T. eblanae as a small vesicle but no ink 
was present. The inner yolk sac began to bifurcate towards the base of the ventral organs, which became 
visible due to the developing heart-gill complex (branchial hearts and gills). These supposed premature 
individuals continued to develop in the Petri dish, showing poor swimming capacities until Stage 30. At this 
stage, statoliths were evident in the anterior part of the statocysts, the fused tentacles began to elongate as a 
proboscis and fins became functional, increasing swimming abilities. Hatchling stage was reached properly 
when ink was clearly visible inside the ink sac and fin width nearly equaling head width (Fig. 4D, 4H).  
Duration of embryonic development from fertilization (Stage 0) to hatchling (Stage 30) was inversely 
proportional to incubation temperature and took 11 to 17 days for I. coindetii and 14 to 18 days for T. eblanae
at temperature of 17 ºC and 13 ºC, respectively (Fig. 5). Only a few viable embryos of T. sagittatus were 
reared to a maximum of 161 hr after fertilization at 17 ºC and no embryos developed until hatchling stage, 
probably due to microbial infection. Premature hatchlings of T. eblanae were significantly larger than those of 
I. coindetii, attaining 1.9 mm ML versus 1.3 mm ML at 17 ºC, respectively. However, by the time premature 
individuals of I. coindetii reached hatchling stage, their ML had increased to 1.5 mm. Embryos of T. eblanae
slightly delayed premature hatching (234 hr) and the attainment of the hatchling stage (328 hr), but no 
variation in ML was observed between premature and fully mature individuals. Egg lengths and ML from 
premature hatching to hatchling stage were measured during development and compared between species. 
Results are shown in Figs. 6A and 6B. 
Fig. 4.  Embryonic development of (A-D) I. coindetii and (E-H) T. eblanae from early organogenesis (Stage 16) to 
hatchling stage (Stage 30). Developmental stages according to Arnold, 1965. See text for details. ar, arm; ch, chorion; 
cp, chromatophore; ey, eye; fn, fins; fu, funnel; gy, gutter of inner yolk sac; h, heart-gill complex; is, ink sac; iy, internal 
yolk sac; ma, mantle; oy, outer yolk sac; pr, proboscis; sl, statolith. Scale bar = 0.5 mm.
10 
Age (hours after fertilization)
0 100 200 300 400
E
m
br
yo
ni
c 
st
ag
es
0
5
10
15
20
25
30
I.coindetii 17 ºC
I.coindetii 13 ºC
T.eblanae 17 ºC
T.eblanae 13 ºC
Age (hours after fertilization)
0 21 44 68 92 118 138 163 186
E
gg
 le
ng
th
 (m
m
)
0,8
1,0
1,2
1,4
1,6
1,8
2,0
2,2
2,4
2,6
I. coindetii
T. eblanae
T. sagittatus
Age (hours after fertilization)
162 188 210 234 256 281 304 328
M
an
tle
 le
ng
th
 (m
m
)
1,0
1,2
1,4
1,6
1,8
2,0
2,2
I.coindetii
T.eblanae
Description of rhynchouteuthion paralarvae
Morphology. At hatchling stage, rhynchouteuthion paralarvae of I. coindetii and T. eblanae (˂ 2 mm ML) had 
only two pairs of arms (I and II) of equal length bearing a single large mid-arm sucker each. Precursory buds 
of arms III and IV were not yet present in I. coindetii (Fig. 7A) but were detected in a T. eblanae individual 
aged 523 hr and incubated at 13 ºC (Fig. 7B). The proboscis appeared well developed and extensible in both 
species, though relatively shorter (contracted) and stocky in T. eblanae. Eight suckers were counted at its 
distal end, all equally sized even the proboscis tip was not well spread (Fig. 7B, 7C). In hatchlings of I. 
coindetii, a row of knobs (small hollow pegs formed on the infundibulum and probably involved in the initial 
mechanical attachment of the suckers to a substrate) fully encircled the inner ring of the proboscis sucker 
Fig. 5. Effect of temperature on the 
duration of embryonic development of in 
vitro fertilized eggs of I. coindetii and T. 
eblanae. Vertical bars indicate the range of 
developmental stages attained at different 
ages (according to Arnold, 1965).
Fig. 6. (A) Egg length (chorion expansion) of Illex coindetii, T. eblanae and T. sagittatus eggs following in vitro
fertilization. Egg lengths (mean ± SD) are indicated for treatments of eggs incubated at 17 ºC and receiving one jelly 
addition 30 min after fertilization and a second addition at 70 hr (I. coindetii), 90 hr (T. sagittatus) and 118 hr (T. 
eblanae). Note that X-axis is not to scale. (B) Relationship between age and mantle length in Illex coindetii and T. 
eblanae paralarvae incubated at 17 ºC from premature hatching (Stage 25-28) to hatchling stage 30 (according to 
Sakai et al., 1998).
A B
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whereas an incomplete row of knobs was observed externally (Fig. 7D). In T. eblanae, proboscis suckers 
were still in a previous developmental stage and knobs were not visible at hatchling stage 30 because the 
infundibulum was covered by the layer of epithelial cells of the outer wall. They became partially visible after a 
few days, with two concentric rows of knobs on the infundibulum. The beak and the radula were also evident 
in the buccal mass at this time (Fig. 7B). Arm suckers appeared of similar size in both species but apparently 
more knobs were present in those of T. eblanae (Fig. 7E, 7F).  
Fins were rounded and inserted close to the tip of the posterior dorsal side of the mantle. They were small (fin 
width nearly equal to head width) and functional but apparently damaged or deteriorated in many individuals, 
particurarly in T. eblanae hatchlings. The mantle was thin and semitransparent in I. coindetii and T. eblanae
but the skin sculpture of the external surface largely differed between species (Fig. 8A, 8B). SEM analysis of 
the mantle skin of T. eblanae hatchlings revealed the presence of a network of polyhedral cells, mostly 
hexagonal in shape, with densely packed tubercle-like structures projecting from their boundaries and forming 
a perimeter (Fig. 8D). Smaller dermal structures were also covering the surface of the hexagonal cells. These 
diagnostic features could also characterize paralarvae of T. sagittatus, since a similar pattern was detected 
under binocular microscope yet in developing embryos during late organogenesis, though it was not possible 
to analyze by SEM. In contrast, such skin sculpture was not present in the mantle epidermis of I. coindetii
individuals, rather smooth with scattered sensory cells on the surface interposed between small spherical 
Fig. 7.  External morphology of 
rhynchouteuthion larvae of I. 
coindetii and T. eblanae reared 
through in vitro ferilization. SEM. 
(A) Frontal view of hatchling 
individual of I. coindetii aged 455 hr 
and incubated at 17 ºC. Arm III and 
arm IV are not present. (B) Frontal 
view of hatchling paralarvae of T. 
eblanae aged 523 hr and incubated 
at 13 ºC. Note precursory buds of 
arm III (buds of arm IV at the base 
of the proboscis are not visible in 
this image). (C) Ventral view of 
proboscis of I. coindetii with eight 
suckers attached to the tip by 
stalks and (D) a single proboscis 
sucker in detail. (E) Single arm 
sucker from I. coindetii individual 
aged 425 hr and incubated at 17 
ºC showing knobs on the 
infundibulum . (F) Enlargement of a 
single arm sucker of T. eblanae of 
the specimen (7B). AC, 
acetabulum; EY, eye; F, funnel; 
INF, infundibulum; IR, inner ring; 
KB, knob; R, rim. 
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holes (Fig. 8C). Epidermal lines with dense hair cells were observed over the mantle, head and funnel of both 
hatchling species and the olfactory organ was clearly visible behind the eyes as well (Fig. 8E, 8F). 
Chromatophore pattern. Differences in number and arrangement of chromatophores were observed 
between hatchling individuals of the same species but some recurrent patterns were detected. 
Chromatophores on the ventral surface of the mantle were greater in number than the dorsal ones in both 
species. In I. coindetii (n = 14), up to twenty and ten chromatophores were counted on the ventral and dorsal 
side, respectively.  Four or five chromatophores were usually found at the ventral anterior margin and two or 
three in the dorsal one. In the ventral middle section, up to ten chromatophores were present and only two or 
three in the posterior section. Almost all I. coindetii individuals had two ventral and one dorsal chromatophore 
close to the fins. In T. eblanae (n = 7), chromatophore on the dorsal side were difficult to count and no pattern 
was given. On the ventral side of the mantle, five or six anterior chromatophores were found, up to ten in the 
middle section, four posterior and three at the fins. In the head, all individuals of both species showed a 
defined chromatophore pattern: two posterolateral on the ventral side; two posterolateral, one anteromedian 
Fig. 8.  Ventral mantle skin surface of hatchling paralarvae of (A) I. coindetii and (B) T. eblanae as they appear 
in photos taken under binocular microscope at 80x magnification. SEM analysis of the mantle skin in (C) I. 
coindetii and (D) T. eblanae. Olfactory organs in (E) I. coindetii and (F) T. eblanae hatchlings, respectively.
Note the high density of cilia on the surface. Scale bar: A, B = 0.5 mm.  
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and one posteromedian on the dorsal side. Finally, groups of small red chromatophore-like structures found 
on the distal part of the proboscis of I. coindetii were absent in T. eblanae. 
Behaviour. Few days old paralarvae of I. coindetii and T. eblanae (Fig. 9A, 9B) were very active and able to 
swim by mantle contractions and jet propulsion. When transferred from Petri dishes to 50 l tanks with natural 
seawater and short wavelength light (blue), some paralarvae were observed to swim properly, both 
horizontally and vertically or nearly so, and maintained a correct body position while swimming in the water 
column without sinking for several hours, also producing rapid accelerations. Proboscis was clearly visible and 
commonly stretched and retracted to its original length, with suckers moving at its tip. Nevertheless, most 
individuals were unable to swim correctly and sank directly to the bottom of the tank for some unknown 
reasons. Chromatophore activity was observed, probably stimulated by external disturbance (e.g. microscope 
light). Generally, it consisted in more or less rapid expansion and contraction, involving chromatophores all 
over the entire body surface, more or less at once. Some individuals released ink when disturbed or 
commonly withdrew the head into the mantle cavity to avoid strong light. Rhynchouteuthions survived up to 
week after hatchling stage, until their yolk reserves were consumed and death followed presumably due to 
starvation.  
Observation on wild rhynchouteuthions from the Mediterranean 
Based on the morphological descriptions provided in this study, SEM analysis performed on twelve 
ommastrephid paralarvae selected from recent oceanographic cruises in NW Mediterranean Sea have led to 
identify most of specimens as I. coindetii, leaving little room for doubt. Although fins, mantle, were not in good 
conditions in most specimens, head, arms and proboscis suckers were well preserved and have proved to be 
useful in species identification. Wild paralarvae were found in an advanced rhynchouteuthion stage with arm I 
and II bearing three to five additional suckers at the tip and arm III bearing suckers as well. Precursory buds of 
arm IV were also clearly visible at the base of the proboscis (Fig. 10A). This latter was elongated and bearing 
in turn eight suckers, each attached to the tip by a stalk (peduncle) (Fig. 10B). Morphology of proboscis 
suckers likely resembled that described for hatchlings of I. coindetii artificially reared, with knobs forming a 
complete inner row whereas the outer one was incomplete (Fig. 10C). A couple of specimens were found with 
Fig. 9.  Lateral view of a few days old paralarva of (A) I. coindetii and (B) T. eblanae. Note the inner yolk is almost 
consumed. Scale bar = 0.5 mm 
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a different type of proboscis suckers (Fig. 10D), presumably belonging to another species, but no identification 
was possible. 
DISCUSSION 
Considerations on embryonic development
Ripe eggs were found within the common range size described for the subfamilies Illicinae, Todarodinae and 
Todaropsinae (Jereb and Roper, 2010) , and corresponded closely to the minimum for cephalopods in I. 
coindetii and T. sagittatus in this study (1 mm). Mature oocytes of T. sagittatus were similar in size to those 
from the  Northwestern African species (0.91 - 0.99 mm) (Laptikhovsky and Nigmatullin, 1999) but much 
smaller than egg described for species from the North Atlantic (1.9 – 2.4 mm) (Wiborg and Gjoaeter, 1981). In 
T. eblanae, egg size (1.4 mm) lied between that reported for the West African species (1.2 mm) and those 
occurring in Scottish waters (mean 1.57 mm) (Hastie et al., 1994). However, in comparison with I. coindetii
and T. sagittatus, mature oocytes of T. eblanae from the Mediterranean were significantly larger and also 
slightly differed from egg size reported by Mangold-Wirz (1963) for the same species (1.2 mm). These data 
suggest that the common fact that cold-water species lay larger eggs may not completely explain differences 
in ommastrephid egg sizes, since spawning sites may also play a significant role among species inhabiting 
the same geographic area. For this reason, the incubation temperatures during in vitro fertilizations are of 
great importance in the study of oceanic squid species. The knowledge of upper and lower limits and, 
consequently, of optimum temperature ranges of development is an essential requirement to delimit their 
possible timing and location of spawning and the location of egg masses in nature as well. In addition, the 
ratio between female size/oocyte has not been determined here and may provide some explanations in the 
future. 
Embryonic development was temperature dependent in all three species and at all incubation temperatures 
and consistent with previous results obtained for other ommastrephid species (O'Dor et al., 1982; Sakurai et 
Fig. 10. Wild ommastrephid 
paralarvae from NW 
Mediterranean Sea. SEM. (A) 
head with developing arms and 
suckers from a 2.1 mm ML I. 
coindetii. Note precursory buds of 
arm IV at the base of the 
proboscis. (B) proboscis suckers 
on the tip and (C) a single sucker 
with peduncle. (D) Proboscis 
sucker from an unidentified 
rhynchouteuthion paralarvae. 
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al., 1996). Larger eggs of T. eblanae showed a longer development time compared to I. coindetii to reach 
hatchling stage at the same temperature (328 hr versus 256 hr at 17 ºC, respectively), showing that 
differences in early stages (e.g. duration of development) are strictly correlated to reproductive features (e.g. 
egg size), as observed for I. argentinus (Sakai et al., 1998) and T. pacificus (Sakurai et al., 1996). As resulted 
to be a common occurrence in oceanic squid species reared by artificial fertilization (e.g. Watanabe et al., 
1996; Yatsu et al., 1999), during this study all embryos of I. coindetii and T. eblanae hatched in a supposed 
premature condition corresponding to Stages 25-28 and also the few ones of T. sagittatus hatched from their 
protective chorions lacking both functional fins, ink sac and a well-developed proboscis. Such individuals were 
supposed to be not competent to swim off the bottom of a small container or upward from an egg mass, as 
indeed were capable of doing hatching paralarvae of I. argentinus (Stage 30) (Sakai et al., 1998) and T. 
pacificus (Bower and Sakurai, 1996), respectively. In fact, all newly hatched paralarve of I. coindetii and T. 
eblanae were unable to swim and mantle contractions were less effective due to the presence of a 
considerable amount of residual yolk within the mantle cavity. This yolk would normally be almost entirely 
used by the embryo for further growth and tissue differentiation before hatching in a natural egg mass, thus 
clearly suggesting an incomplete development of embryos at hatching under laboratory conditions.  
To date, factors leading to premature hatching in artificially fertilized eggs remain unclear. Recent 
observations on developing eggs from a natural egg mass (Staaf et al., 2008) confirmed the presence of a 
second envelope surrounding the chorion as a key factor in hatching delay as well as protection of embryos 
from microbial infection and external stimulation. Such structure lacks in artificially fertilized eggs and its 
supposed functions were only partially replaced in the current study by using antibiotics and supplementary 
oviducal jelly additions which increased chorion expansion and delayed hatching in some embryos (Villanueva 
et al., 2011). It is important to underline that differences in development and hatchling stage should be 
explained not only in terms of environmental factors (e.g. natural or laboratory conditions) but also concerning 
the fact that differences may exist between species or genera. Previous in vitro comparative studies on early 
development of the ommastrephid  I. argentinus (Sakai et al., 1998) and T. pacificus (Watanabe et al., 1996) 
reported different morphological features at hatching stage between species, allowing Sakai et al. (1998) to 
postulate  a more advanced embryonic stage at hatching in the genus Illex (Stage 30) than in Todarodes 
(Stage 28). Observations on embryonic development among the genera Illex, Todaropsis and partially, 
Todarodes in this study cannot confirm this hypothesis.  
In T. eblanae, egg length before hatching (mean 2.1mm) and paralarval size at hatchling stage (mean 1.9 mm 
ML) resulted among the largest ones obtained from in vitro fertilizations of ommastrephid species. These 
results should be related more to the large ripe egg of T. eblanae size than to a better yolk absorption or a 
further addition of oviducal jelly during development, as observed in I. coindetii (Villanueva et al., 2011).  
Presumably, the small number of individuals of T. eblanae reared through hatchling in this study was affected 
by a not timely second addition of oviducal jelly to embryos.  The latter was added when organogenesis had 
already started (118 hr at 17 ºC), thereby its effect on chorionic expansion was reduced or absent. This fact 
suggests that supplementary dosis of oviducal jelly give best increases in chorionic expansion when added at 
the time embryos expands vertically (i.e. right before organogenesis) whereas they are almost ineffective 
once organogenesis is already in progress. In contrast to all other ommastrephid species artificially reared 
through hatching (Villanueva et al., 2012), it is likely that embryos of T. eblanae in this study were unable to 
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complete development by a single jelly addition 30 min after fertilization due to an insufficient expansion of the 
chorion during organogenesis. Further artificial fertilizations of T. eblanae are necessary to understand 
whether in vitro techniques should be partially modified or adapted to successfully rear this species. 
Morphology of hatchling paralarvae 
Except for the peculiar proboscis that easily allows to distinguish an ommastrephid paralarva among all 
cephalopod families, there are only a few morphological characters that can be useful in identifying 
rhynchouteuthions between species (Wormuth et al., 1992). Such difficulties concern also identification either 
of eggs and embryos during development. The main morphological characters used for identification of 
rhynchouteution larvae are usually applied to discriminate wild individuals captured through zooplankton tows, 
in which the splitting of the proboscis or the appearance of the third and fourth pairs of arms is clearly visible. 
These characters resulted to be in specific and constant correlation with mantle size in most ommastrephid 
paralarvae (Nesis, 1979) but they are not present at time of hatching.  
Although our observations are based on a limited number of embryos artificially reared through hatchling 
stage, a few types of characters resulted to be potentially valuable to separate embryos and hatchling 
paralarvae of I. coindetii and T. eblanae. Furthermore, the limited number of ommastrephid that it is known to 
spawn in the Mediterranean could help streamline this task. Ommastrephes bartramii (Lesueur, 1821), the 
only ommastrephid species occurring in the Mediterranean along with the three species described, can be 
easily identified at larval stage from other ommastrephids from the two greatly enlarged lateral (distal) suckers 
on the proboscis (Young and Hirota, 1990). Hatchling individuals of I. coindetii (1.4 mm ML) and T. eblanae
(1.9 mm ML) resembled the Rhynchouteution type C’ described by Roper and Lu (1979) in the Northwestern 
Atlantic and recognized as belonging to the genus Illex, presumably I. illecebrosus. In the smallest specimens 
(1.5 - 1.6 mm ML) eight suckers of equal size on the tip of the proboscis and no photophores on the eyes 
were reported and are consistent with our descriptions. Interestingly, the presence of additional suckers on 
arms suggests that I. illecebrosus was at an advanced rhynchouteuthion stage compared to I. coindetii when 
ML was nearly equal in both species. Precursory buds of arms III and IV appeared in T. eblanae four days 
after hatchling stage while they were not observed in any reared paralarvae of I. coindetii. However, arm III 
bearing suckers and buds of arm IV were visible in a 2.1 mm ML I. coindetii wild specimen, suggesting that 
they are likely to develop between 1.6 – 2.0 mm ML, with arm III growing earlier than arm IV. In contrast, 
primordia of arm IV were first described at Stage 28  in I. argentinus (Sakai et al., 1998), thus yet before 
hatching, while arm III were not present. It is not clear whether such mismatches in arm growth among 
different families and also within the same genus may reflect different first feeding habits in few days old 
rhynchouteution larvae. The number of knobs of arm and proboscis suckers was difficult to determine at 
hatchling stage but a complete inner row characterized proboscis suckers of I. coindetii individuals. The knobs 
of the outer row seemed to be variable in number and presumably may increase with age. Proboscis length 
was not used as a taxonomic character in the current study due to its highly elastic nature at paralarval stages 
which may lead to errors in identification. Chromatophore pattern at hatchling stages showed individual 
variation among the same species. However, some chromatophores were arranged in fixed positions on the 
head and mantle of both species, and further analysis of newly hatched paralarvae are necessary to establish 
a key for species identification. It should be noted that number and arrangement of chromatophores is likely 
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more reliable when detected in live paralarvae from in vitro fertilizations than in wild individuals from 
zooplankton samples. In this latter case, damages to skin or pigmentation during collection or the use of 
preservatives can make chromatophores useless for identification in most specimens (e.g. Harman and 
Young, 1985; Ramos-Castillejos et al., 2010). 
SEM analysis of the external mantle surface revealed peculiar dermal structures on the epidermis of T. 
eblanae hatchlings but their taxonomic value and possible function must be considered with caution. Different 
dermal structures have been described on the mantle surface of adult individuals in other oceanic squid 
families (Roper and Lu, 1990), however, their appearance at paralarval stages must be confirmed. A similar 
approach should be taken in the analysis of the mantle epidermis of I. coindetii, since some analogies were 
found between the scattered holes observed on its surface and those recently observed on the sensory 
epithelium of cephalopod hatchlings after sound exposure (Solé, 2012). The presence of well-developed 
epidermal lines, olfactory organs and supposed functional buccal mass in hatchling individuals in this study 
suggested that a few days old rhynchouteuthion larva can already be able to shift from endogenous to 
exogenous feeding and conduct a successful predatory life style (Budelmann, 1996).  
CONCLUSIONS 
The present study have provided first comparative data of the early stages of the most commercially important 
ommastrephid species from the Mediterranean Sea obtained from in vitro fertilization. Rhynchouteuthion 
larvae of T. eblanae have been described for the first time. Morphological comparisons of eggs, embryos and 
hatchling paralarvae of I. coindetii, and T. eblanae allowed identifying few morphological characters potentially 
valuable to discriminate their rhynchouteuthions at hatchling stage. Chromatophore patterns and mantle skin 
sculpture have proved to be reliable features for paralarval identification but highlighted the need for further 
analyses to confirm their taxonomic value. The structure of proboscis suckers in hatchling individuals of I. 
coindetii resulted very useful in identification of wild rhynchouteuthions from field collections. However, the 
very few individuals of T. eblanae reared through hatchling stage and the failed attempts in rearing eggs of T. 
sagittatus suggested that in vitro techniques must be partially modified or adapted to these species to obtain a 
suitable number of hatchlings.  
This study demonstrates how in vitro fertilization techniques are relatively easy to perform in laboratory and 
highly effective for comparative analysis of early stages of oceanic squid species. These techniques are 
nowadays an essential tool to study the embryonic development of these short lived species and promising 
advances have been recently made. However, to date no successful attempts to feed oceanic squid 
paralarvae in laboratory have been reported. This step is at present the main challenge to overcome to fully 
understand their early life histories and create the basis for their culture under controlled conditions. 
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